Abstract-The electrical properties of CdZnTe(CZT) above the melting point of tellurium (Te) inclusions were determined during in situ annealing. The thermal annealing cycles of the CZT detectors were 490°C, 530°C, and 570°C continuously, which were higher than the melting points of elemental Te and Te inclusions and lower than the sublimation temperature of CZT. Unexpectedly, the CZT detectors exhibited very low leakage current at room temperature after the thermal annealing cycles due to the formation of rectifying contacts. The activation energy of high-resistivity CZT was 0.81 eV indicating pinning of Fermi level nearly in the middle of bandgap. At room temperature, CZT detectors with rectifying contacts showed clearly the 59.5-keV gamma-ray peak of Am-241. Observed fluctuations of the leakage current at about 470°C might have originated from a mixed conductivity of liquid and solid CZT due to the melting of Te inclusions.
High-Temperature Annealing of CdZnTe Detectors I. INTRODUCTION C dZnTe (CZT) crystals with high electron mobilitylifetime product of > 10 −2 cm 2 /V·s are commercially available due to progress in improvement of the growth technology. Commercial detector-grade CdTe and CZT materials are grown under excess Te conditions. Consequently, as-grown crystals contain high concentrations of secondaryphase Te-related defects. The most common secondary-phase Te-related defects are Te inclusions and Te precipitates. Depending on their concentration, Te inclusions with diameter greater than 5 μm deteriorate the performance of CZT detectors by reducing the charge collection efficiency (CCE) [1] .
As a general rule, migration or diffusion is expected at ∼60% of the melting point of the material. The melting point of Te is 440°C. The melting point of Te is the foundation for defining high-and low-temperature annealing ranges used in the experiments [2] . Also, the sublimation temperature of CZT, 580°C, is an upper limit of annealing temperature.
In [3] . A study was reported showing that the conductivity for CdTe can change over the temperature range of 700°C-1100°C [4] . They found that the conductivity changed according to the phase of CdTe [4] .
Until now, most of annealing experiment showed on the change of electrical properties and their morphology just before and after annealing. Here, we report the electrical changes of the high-resistivity CZT during the hightemperature annealing in vacuum with the help of in situ current monitoring system [2] . The primary purpose of this experiment is to understand the physical phenomena occurring between Au electrode and CZT at high temperature prior to in situ two step annealing monitoring (i.e., the first in a Cd pressure and the second in a Te pressure).
II. EXPERIMENT
High-resistivity CZT detectors ( > 10 10 ·cm) were grown by a seedless traveling heater method. The size of the CZT detectors used in the experiment was typically 7 × 7 × 3 mm 3 . The Au electrode was formed by an electroless method using an AuCl 3 solution. Unlike previous experiments, a guard-ring structure employed for accurate measurements of the bulk leakage current of CZT detectors [5] . The guard-ring electrode was directly connected to the ground.
CZT detectors were placed in a specially designed sample holder, making it possible to measure the current while annealing. The in situ current measurement system was sealed under a vacuum of ∼10 −6 torr. A bias of 1 V was applied across the CZT detectors, and the leakage current was measured every minute. To minimize the thermal stress and strain in the crystals, the heating and cooling rate was kept at 0.5°C/min.
Before and after the annealing experiments, the material's resistivity was measured. Typical current-voltage characteristics of planar Au/CZT/Au detector is shown in Fig. 1 . The electrode size of two CZT detectors is not exactly equal so there is slight deviation in two current-voltage curves. Also, IR images were taken to evaluate the shape and distribution of Te inclusions in the marked area.
For pulse-height measurements at room temperature, a planar CZT detector was installed in a holder, and the cathode 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. side of detector was irradiated by 59.6-keV gammas from an Am-241 source. Signals from the positively biased anode were measured using eV Products 550 capacitively coupled preamplifiers. The data acquisition system included a spectroscopic shaping amplifier (ORTEC 672) and a multichannel analyzer (ORTEC-EASY-MCA-8k).
III. RESULTS AND DISCUSSION
The leakage current and annealing cycles for the CZT detector are shown in Fig. 2 . The activation energy was obtained from an Arrhenius plot for the first and third annealing cycle as shown in Fig. 3 . The activation energy value is similar as 0.81 and 0.74 eV, at high temperature. However, activation energy exhibited large discrepancy at low temperature which indicated the alteration of electrical conductivity after annealing cycles. Considering the bandgap of CZT at 300 K is 1.6 eV, the CZT detector is fully compensated.
After the end of each annealing cycle, current-voltage curves were measured. The current-voltage curves after annealing cycles at 490°C and 570°C are shown in Figs. 4 and 5, respectively. The current-voltage curves exhibited rectifying characteristics.
The diffusivity of Au in CZT between 200°C and 450°C is expressed as follows [6] :
where k is the Boltzmann constant and T is the absolute temperature. Using (1) values for diffusivity at 490°C, 530°C, and 570°C were determined to be 5.4 × 10 −14 , 1.9 × 10 −13 , and 6.3 × 10 −13 cm 2 /s, respectively. The diffusion length, L D , is given by
The diffusion length at 490°C, 530°C, and 570°C is 5.2 × 10 −5 , 9.9 × 10 −5 , and 1.7 × 10 −4 cm, respectively. Schottky diode fabrication process in CdTe [7] requires thermal treatment process for the barrier formation. Schotkky diode is formed when the work function of semiconductor is higher than that of metal for a p-type semiconductor [8] . In general, the Schottky barrier are formed at nonmetal surface of semiconductor. In our experiment, both sides of CZT have Au contact but only one side of contact exhibits rectifying properties, i.e., (111)B surface CZT and Au.
After the completion of full annealing cycles, the surfaces of the CZT detectors were mechanically polished about 500 μm to remove the damaged layer. A new electrode was formed after chemo-mechanical polishing. Current-voltage curves for the newly fabricated CZT detector are shown in Fig. 6 . These current-voltage curves were linear. The resistivity of the CZT detector was 1.7 × 10 5 ·cm. Previous vapour pressure measuring experiment with high-resistivity CZT showed that the vapour pressure of CZT follows that of Te 2 below 650°C and saturate at about 18 mmHg above 700°C [3] . During the annealing cycle in vacuum, the evaporation of Te can decrease the concentration of Te antisite defects, Te Cd , thus Te antisite defects cannot pin the Fermi level in the middle of bandgap, so the resistivity of CZT decrease after hightemperature annealing [9] . The low leakage current at room temperature seen in Fig. 2 was due to the rectifying contact instead of the bulk CZT properties. Pulse-height measurements using an Am-241 source before and after annealing were performed; the results are shown in Fig. 7 . The main peak of 59.5 is not symmetric due the hole tailing effect in as-grown planar CZT detector. The poorer hole drift properties than those of electron cause the characteristic hole tailing in pulse height spectra. The electrical resistivity of the annealed CZT detector was about 10 8 ·cm at 150 V owing to the rectifying properties. The main gamma peak at 59.5 keV could be discerned. However, the low-energy gamma spectrum of Am-241 was not revealed. The energy resolution of the 59.5 keV was ∼25 % assuming a Gaussian distribution for the annealed CZT detector. The mobility-lifetime product of electron and hole play crucial role in the CCE of CZT detector. The electrical conductivity of annealed CZT in vacuum is p-type due to the increased Cd vacancy caused by Te evaporation. The contribution of hole in CCE is more dominant than those of electron in annealed CZT detector. The broadening of 59.5-keV gamma peak and disappearance of low-energy gamma peak in the pulse height spectra might be caused by this reason.
IR images of the CZT detector were taken before and after annealing in the marked area, as shown in Fig. 8 . The shapes of the Te inclusions were triangular before annealing but circular after the annealing cycles due to the increased solubility of liquid Te inclusions. Te inclusions were formed from solidification of the Te-rich CZT melts [10] . Their melting points were different from the melting points of elemental Te due to presence of some Cd and Zn (i.e., 441°C). The Te inclusions were melted initially at their melting point. The solubility of molten Te inclusions was increased about the melting point. Upon melting, the CZT bulk surrounding the Te inclusion started to dissolve, resulting in a more isotropic circular shape after cooling. A careful review of the leakage current data in Fig. 2 showed positive and negative changes in the resistivity at 470-475°C. This might be due to a mixed conductivity from the simultaneous presence of both solid and liquid CZT [4] caused by the different melting temperature for Te-rich inclusions with different compositions.
IV. CONCLUSION
Leakage currents of CZT detectors were measured with an in situ current-voltage measurement system in the range of room temperature to 570°C. The Arrhenius plot of temperature versus leakage current gives the activation of 0.81 eV, which indicates the pinning of Fermi level nearly in the middle of bandgap. The low leakage current of CZT detectors after the first annealing cycle originated from the rectifying contact between (111)B surface of CZT and Au. Bulk resistivity of annealed CZT in vacuum was 1.7×10 5 ·cm. The CZT detector with rectifying contacts revealed the 59.5-keV gamma peak of Am-241, although the low-energy gamma-ray peaks from the source were obscured by the noise. From the fluctuation point of the leakage current, the melting point of Te inclusions was found to be 470 ∼ 475°C which could also be seen from the IR images of CZT.
